A total of 361 Escherichia coli O157 isolates, recovered from humans, cattle, swine, and food during the years 1985 to 2000, were examined to better understand the prevalence of antimicrobial resistance among these organisms. Based on broth microdilution results, 220 (61%) of the isolates were susceptible to all 13 antimicrobials tested. Ninety-nine (27%) of the isolates, however, were resistant to tetracycline, 93 (26%) were resistant to sulfamethoxazole, 61 (17%) were resistant to cephalothin, and 48 (13%) were resistant to ampicillin. Highest frequencies of resistance occurred among swine isolates (n ‫؍‬ 70), where 52 (74%) were resistant to sulfamethoxazole, 50 (71%) were resistant to tetracycline, 38 (54%) were resistant to cephalothin, and 17 (24%) were resistant to ampicillin. Based on the presence of Shiga toxin genes as determined by PCR, 210 (58%) of the isolates were identified as Shiga toxin-producing E. coli (STEC). Among these, resistance was generally low, yet 21 (10%) were resistant to sulfamethoxazole and 19 (9%) were resistant to tetracycline. Based on latex agglutination, 189 (52%) of the isolates were identified as E. coli O157:H7, among which 19 (10%) were resistant to sulfamethoxazole and 16 (8%) were resistant to tetracycline. The data suggest that selection pressure imposed by the use of tetracycline derivatives, sulfa drugs, cephalosporins, and penicillins, whether therapeutically in human and veterinary medicine or as prophylaxis in the animal production environment, is a key driving force in the selection of antimicrobial resistance in STEC and non-STEC O157.
Escherichia coli is commonly found in human and animal intestinal tracts and, as a result of fecal contamination or contamination during food animal slaughter, is often found in soil, water, and foods. Shiga toxin-producing E. coli (STEC) O157 has emerged as a public health threat following its initial identification as a pathogen in a 1982 outbreak of illness associated with the consumption of undercooked ground beef (19) . Specifically, E. coli O157:H7 and O157:NM (nonmotile) are recognized as major etiologic agents in hemorrhagic colitis (HC) and hemolytic-uremic syndrome (HUS) in humans (22) . The U.S. Centers for Disease Control and Prevention estimates that E. coli O157:H7 causes approximately 73,400 illnesses and 60 deaths each year in the United States (11) . Recent reports indicate that antimicrobial resistance of E. coli O157 is on the rise (1, 4, 6, 10, 13, 20, 33 ). Yet the extent to which different antimicrobial use practices have contributed to the increase in antimicrobial resistance is not clear.
The usefulness of antimicrobial therapy for STEC infections is unresolved. Because antimicrobials may lyse bacterial cell walls, thereby liberating Shiga toxins (9, 24, 29) , and/or cause increased expression of Shiga toxin genes in vivo (32), they are not recommended for treating STEC O157 infections. However, recent studies suggest that some antimicrobials, if administered early in the course of infection, may prevent disease progression to HUS (5, 8, 21) . Because STEC infections are not aggressively treated with antimicrobial therapy, many isolates may yet be susceptible to numerous antimicrobials.
In addition to their therapeutic use in human and veterinary medicine, antimicrobials are routinely used for disease prevention and growth promotion in animal production. This practice leads to the inevitable selection of antimicrobial resistance among commensals in the intestinal tracts of food animals, which poses a public health threat (27) . For instance, antimicrobial-resistant bacteria from food animals may colonize the human population via the food chain, contact through occupational exposure, or waste runoff from animal production facilities (23, 27) . Food animals, in particular mature cattle, which may be asymptomatic carriers of E. coli O157, including STEC (12), when exposed to antimicrobial agents in the animal production environment, may serve as a reservoir of antimicrobial-resistant bacteria.
This study was initiated to determine the prevalence of STEC and characterize antimicrobial resistance among 361 isolates of E. coli O157 recovered from humans, swine, cattle, and food during the past 15 years. The objective was to better understand the prevalence of antimicrobial resistance in STEC and non-STEC O157 from these different sources.
MATERIALS AND METHODS
Bacterial strains. A total of 361 E. coli O157 isolates, collected from humans, cattle, swine, and food during the years 1985 to 2000, were used in this study ( Table 1) . The isolates were obtained from the collection of the E. coli Reference Center (ECRC) located at The Pennsylvania State University. The ECRC functions as a reference laboratory accepting clinical samples for diagnostic purposes; thus the samples were originally collected as suspected etiologic agents. One hundred thirty-one (36%) of the isolates were recovered from humans, 133 (37%) were recovered from cattle, 70 (19%) were recovered from swine, and 27 (8%) were recovered from food (17 isolates from beef, 2 from pork, and 8 from food sources not further specified). One hundred ninety-five (54%) of the isolates were collected during the years 1996 to 2000, 70 (19%) Serotyping. The presence of O and H antigens was tested for by using the standard method as described by Orskov et al. (16) . In brief, 20-l portions of antisera for 181 O types and 52 H types were used for serotype determination in 96-well titer plates. Heat-treated bacteria were added to the antisera and incubated at 50°C for 24 h. Serotyping was based on a positive agglutination reaction.
DNA isolation and PCR amplification. Cultures were grown overnight at 37°C on veal infusion agar (Becton Dickinson). A small amount of the culture was resuspended in 200 l of distilled water, heated to 99°C for 15 min, and centrifuged for 2 min at 12,000 ϫ g. The resulting supernatant was used as a template for PCR. Shiga toxin genes stx1 and stx2 were detected by multiplex PCR. Oligonucleotide primer sets for stx1 included forward primer 5Ј ACA CTG GAT GAT CTC AGT GG 3Ј and reverse primer 5Ј CTG AAT CCC CCT CCA TTA TG 3Ј (26) . For stx2, the primer set included forward primer 5Ј GGC ACT GTC TGA AAC TGC TCC 3Ј and reverse primer 5Ј TCG CCA GTT ATC TGA CAT TCT G 3Ј (17) . Reaction contents for each 11-l PCR consisted of 50 ng of stx1 primers/l, 20 ng of stx2 primers/l, 0.18 mM each deoxyribonucleotide, 4.0 mM MgCl 2 , 0.4 U of Taq DNA polymerase (PGC Scientific, Gaithersburg, Md.), 50 mM Tris-HCl (pH 8.3), 250 g of bovine serum albumin/ml, 2% sucrose, and 0.1 mM cresol red (Idaho Technologies, Salt Lake City, Utah). The PCR was done using the rapid-cycle DNA amplification method (28) and consisted of 30 cycles of template denaturation at 94°C, primer annealing at 54°C, and primer extension at 74°C for 30 s. All reactions were performed using an Idaho Technologies Rapid Cycler brand thermal cycler. Amplified products were electrophoresed in 1% agarose gels at 200 V for 30 s and visualized under UV light. Positive samples were identified based on the presence of bands of appropriate sizes compared to the STEC O157 positive control (ATCC 43895).
Antimicrobial susceptibility determination. Antimicrobial susceptibility profiles were performed via broth microdilution in accordance with National Committee for Clinical Laboratory Standards guidelines (16) using the PASCO MIC/ID system (Becton Dickinson) and recommended quality control organisms. The following antimicrobial agents were included in the panels: chloramphenicol, ampicillin, amoxicillin-clavulanic acid, cephalothin, ceftiofur, ceftriaxone, gentamicin, sulfamethoxazole, trimethoprim-sulfamethoxazole, nalidixic acid, ciprofloxacin, tetracycline, and cefoxitin (Table 2) . Data analysis. All data were entered into computer spreadsheets (Access and Excel; Microsoft, Bellevue, Wash.), which were used to generate descriptive statistics including graphs and charts of antimicrobial resistance prevalence.
RESULTS
Serotypes of E. coli O157 isolates. Table 1 summarizes information regarding the 361 E. coli O157 isolates analyzed during this study. The majority (191; 53%) of the isolates were identified as H type H7, 61 (17%) were identified as NM (nonmotile), and 17 (5%) were identified as H43. Fifty-three (15%) of the isolates did not react to any of the 52 H antisera. The serotypes of 31 (9%) of the isolates were not assayed, whereas the remaining 14 (3%) were H types H4, H11, H12, H16, H19, H32, H42, H44, H54, and U (data not shown).
Prevalence of STEC. Based on the presence of the stx1 and/or stx2 gene(s), 210 (58%) of the isolates were characterized as STEC ( Table 1 ). The highest prevalence of STEC was found among isolates from cattle (75.2%; n ϭ 133), humans (67.9%; n ϭ 131), and food (63%; n ϭ 27). Conversely, a small number (5.7%) of swine isolates (n ϭ 70) were characterized as STEC.
Source of isolation versus antimicrobial resistance. Prevalence of antimicrobial agent resistance among E. coli O157 isolates from humans, cattle, swine, and food is listed in Fig. 1 . Among those isolates recovered from humans (n ϭ 131), 27 (21%) were resistant to ampicillin, 16 (12%) were resistant to sulfamethoxazole, 20 (15%) were resistant to cephalothin, 15 (12%) were resistant to tetracycline, and 7 (5%) were resistant to trimethoprim-sulfamethoxazole (Fig. 1A) . Similar to results for human O157 isolates, 18 (14%) of the cattle isolates (n ϭ 133) were resistant to sulfamethoxazole. However, 27 (20%) of the isolates were resistant to tetracycline. A much smaller proportion of cattle isolates were resistant to ampicillin (3%); chloramphenicol, cephalothin, and nalidixic acid (2.3% each); cefoxitin (1.5%); and ciprofloxacin, trimethoprim-sulfamethoxazole, and amoxicillin-clavulanic acid (0.1% each) (Fig.  1B) . Interestingly, the highest prevalence of resistance was observed among O157 isolates recovered from swine (Fig. 1C) . Fifty-two (74%) of the swine isolates (n ϭ 70) were resistant to sulfamethoxazole, 50 (71%) were resistant to tetracycline, 38 (54%) were resistant to cephalothin, and 17 (24%) were resistant to ampicillin. Lower prevalence of resistance to chloramphenicol (5.7%), gentamicin (18.6%), nalidixic acid (7.1%), ciprofloxacin (4.3%), and trimethoprim-sulfamethoxazole (7.1%) was observed. Among food isolates (n ϭ 27), 7 (26%) were resistant to sulfamethoxazole and 7 (26%) were resistant to tetracycline. All food isolates were susceptible to each of the remaining 11 antimicrobials (Fig. 1D) . Antimicrobial resistance among STEC versus non-STEC isolates. Figure 2 summarizes the prevalence of antimicrobial resistance among STEC and non-STEC O157 isolates. Resistance among non-STEC isolates was higher than among STEC isolates for ampicillin, sulfamethoxazole, gentamicin, tetracycline, and trimethoprim-sulfamethoxazole. For cephalothin, chloramphenicol, nalidixic acid, ciprofloxacin, and amoxicillinclavulanic acid, the prevalence of resistance among STEC isolates was similar to that among non-STEC isolates. All isolates, whether STEC or non-STEC, were susceptible to ceftriaxone and ceftiofur.
Antimicrobial resistance among E. coli O157:H7 isolates. Serological analysis indicated that 191 (53%) of 361 isolates were E. coli O157:H7. Of these, 93 (49.2%) were isolated from cattle, 85 (45%) were isolated from humans, and 11 (5.8%) were isolated from food (9 isolates from beef, and 2 from food sources not further specified). E. coli O157:H7 was not identified from any of the 17 swine STEC isolates. All E. coli O157:H7 food isolates were susceptible to all of the antimicrobials tested in this study. Figure 3 presents the prevalence of antimicrobial resistance among E. coli O157:H7 isolates from humans and cattle. The prevalence of resistance among human O157:H7 isolates was similar to that among cattle isolates for ampicillin (5 versus 1%), cephalothin (4 versus 1%), chloramphenicol (0 versus 1%), sulfamethoxazole (9 versus 12%), tetracycline (7 versus 11%), and amoxicillin-clavulanic acid (0 versus 1%). All E. coli O157:H7 isolates, regardless of the source of isolation, were susceptible to cefoxitin, ceftriaxone, gentamicin, nalidixic acid, ciprofloxacin, ceftiofur, and trimethoprim-sulfamethoxazole.
Multiple antimicrobial resistance. Two hundred twenty (61%) of the isolates analyzed during this study were suscep- tible to all of the 13 antimicrobials assayed. However, 27 (7.5%) were resistant to one antimicrobial, 60 (17%) were resistant to two, 28 (8%) were resistant to three, 19 (5%) were resistant to four, 3 (2%) were resistant to five, and 2 (0.1%) were resistant to six (Table 3) . Among non-STEC isolates (n ϭ 152), 90 (59%) were resistant to two or more antimicrobials. One non-STEC swine isolate recovered in 1996 was resistant to eight antimicrobials (ampicillin, chloramphenicol, sulfamethoxazole, cephalothin, gentamicin, nalidixic acid, ciprofloxacin, and tetracycline). A much smaller number (24; 11%) of STEC isolates were resistant to two or more antimicrobial agents. One STEC isolate was resistant to six antimicrobial agents (ampicillin, sulfamethoxazole, nalidixic acid, ciprofloxacin, tetracycline, and trimethoprim-sulfamethoxazole), and one was resistant to seven (ampicillin, chloramphenicol, sulfamethoxazole, nalidixic acid, ciprofloxacin, tetracycline, and trimethoprim-sulfamethoxazole); both of these isolates were recovered from swine. Among the 361 isolates tested, 99 (27%) were resistant to tetracycline, 93 (26%) were resistant to sulfamethoxazole, and 83 (23%) were resistant to both antimicrobials. Of these coresistant isolates, 47 (57%) were from swine, 16 (19%) were from cattle, 14 (17%) were from humans, and 6 (7%) were from food.
DISCUSSION
The microbial ecosystems of humans, swine, cattle, and food are undoubtedly inextricably connected; therefore it is difficult to pinpoint the origin of the antimicrobial resistance that we observed. However, our finding that among E. coli O157 isolates there was high prevalence of resistance to tetracycline, sulfamethoxazole, cephalothin, and ampicillin agrees with previous reports (6, 13, 33) .
Because antimicrobial-resistant bacteria from food animals may colonize the human population via the food chain, contact through occupational exposure, or waste runoff from animal production facilities (23, 27) , it is possible that resistant bacteria may be readily transferred from food animals to humans. Tetracycline is infrequently used to treat human enteric infections, yet a substantial number of human E. coli isolates were tetracycline resistant. One possibility is that tetracycline-resistant bacteria from food animals have colonized humans via one of the aforementioned routes of transmission. However, it is also possible that tetracycline resistance among human isolates may be attributable to coselection via genetic linkage of resistance determinants (31) or to the use of tetracycline to treat nonenteric bacterial infections in humans.
For STEC, E. coli O157:H7 is the classical serotype, causing approximately 73,500 illnesses, 2,000 hospitalizations, and 60 deaths per year in the United States (11) . The fact that the isolates included in this study were suspected etiologic agents may explain the high prevalence of O157:H7 and other STEC isolates among them. There was a high prevalence of resistance to sulfamethoxazole and tetracycline among O157:H7 isolates recovered from humans and cattle. While sulfa drugs and tetracycline are approved for use in cattle (2; Food and Drug Administration, The FDA Approved Animal Drug List, the Green Book [http://www.fda.gov/cvm/greenbook/greenbook .html], 2001), we cannot determine conclusively whether the high rates of resistance observed among O157 isolates may be attributed to the use of these drugs in cattle production. Interestingly, Galland et al. (6) found that among 57 putative E. coli O157:H7 isolates recovered from cattle, 27 (47%) were resistant to amoxicillin-clavulanic acid. We found that only 1 of 93 E. coli O157:H7 cattle isolates exhibited amoxicillin-clavulanic acid resistance. This difference may be because Galland et al. used a methodology different from ours as well as a resistance breakpoint (Ͼ4/2 g/ml) that has since been increased (Ͼ32/16 g/ml) (15) . Alternatively, it may be the result of temporal and geographical differences between the two studies, Galland et al. having collected samples over an 11-month period from a specific region of southwestern Kansas.
Currently, treatment of STEC O157 infection with antimicrobials is regarded as controversial (7, 18, 30) . In the United States, antimicrobial therapy is generally not recommended for treatment of these infections because of the potential for the release of Shiga toxin thereby leading to HUS. However, clinical trials in which a chemically synthesized analog of Shiga toxin receptor Gb3 is administered orally to patients in an effort to absorb toxin and curtail disease progression to HUS appear promising (3) . Phase III trials for evaluating this therapeutic option are under way (14) , and, if successful, antimicrobial therapy may be a viable option for the treatment of STEC infection. Thus, the finding that the majority of STEC isolates were susceptible to each of the antimicrobials tested is encouraging. Nevertheless, approximately 10% of STEC isolates were resistant to sulfamethoxazole and tetracycline. Because cattle are reservoirs of STEC (34) , the use of sulfa drugs and tetracycline derivatives in cattle may select for resistance among these bacteria (23, 27) . Interestingly, a small percentage of cattle isolates were resistant to cefoxitin, chloramphenicol, and nalidixic acid. Because none of these drugs are approved for cattle in the United States, the resistance phenotypes observed may be due to the use of related approved bovine antimicrobial agents such as florfenicol and enrofloxacin (25) . Further research is needed to determine the impact of these frontline antimicrobials on resistance development among STEC O157:H7 and other STEC strains. The highest prevalence of antimicrobial resistance occurred among swine O157 isolates, where greater than 50% of all isolates were resistant to sulfamethoxazole, cephalothin, or tetracycline and greater than 20% of all isolates were resistant to ampicillin or gentamicin. These data do not demonstrate a steadfast link between antimicrobial use in swine and development of antimicrobial resistance among swine E. coli O157 isolates. However, the findings that the highest prevalence of resistance occurred among swine isolates and that resistance was to drug classes approved for use in swine 2; Food and Drug Administration, [http://www.fda.gov/cvm/greenbook/ greenbook.html]) suggest that antimicrobial use in these animals may be a factor in the emergence of antimicrobial resistance in E. coli O157. Because these agents are options for treating enteric infections in humans, the finding that a large number of swine isolates were resistant to them is a concern.
Multiple antimicrobial resistance in STEC and non-STEC may partly result from the spread of genetic elements including plasmids, transposons, and integrons (33) that may confer resistance to numerous antimicrobials. However, there is a paucity of data with regard to the mechanisms of antimicrobial resistance identified among STEC O157:H7 isolates from animals and humans. Further research to characterize the resistance phenotypes observed among the E. coli O157 isolates identified in this study is warranted.
A drawback of this study was that the numbers of swine isolates (high prevalence of resistance) and of cattle and human isolates (low prevalence of resistance) were unevenly distributed regarding year of isolation. Therefore, all attempts to analyze resistance as a function of time were confounded. Similar problems impeded analysis of resistance versus location of isolation.
The isolates examined in this study came from clinical cases and therefore may have been exposed to elevated concentrations of antimicrobials as a result of treatment efforts. Nonetheless, our findings suggest that use of antimicrobials, including tetracycline derivatives, sulfa drugs, and penicillins, has selected for antimicrobial resistance phenotypes in STEC and non-STEC O157. Because the emergence and dissemination of antimicrobial resistance in STEC may complicate future therapeutic options that are being developed for treatment of HUS and HC, continued surveillance of emerging antimicrobial resistance among zoonotic food-borne pathogens, including E. coli O157:H7, is required to ensure public health.
